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THEORY  OF  A  WIDEBAND  DISTRIBUTED  OYROTRON 


TRAVELLING  WAVE  AMPLIFIER 


I.  INTRODUCTION 

Power  levels  achieved  by  gyroiron  oscillaiors  have  consiiiuied  a  revolution  m  power  .iv.iilablo 
from  coherent  electromagnetic  sources  at  millimeter  wavelengths,'  and  gyroiron  oscillators  '  have 
already  been  successfully  applied  in  an  energetic-effects  application,  the  heating  of  controlled  lusioi' 
research  plasmas,"  However  information-carrying-systems  such  as  radar  and  communications  .uc 
belter  served  by  an  amplifier  with  substantial  instantaneous  bandwidth  rather  than  bv  an  oscillaiui  \ 
gyroiron  iravelling-wave-tube  amplifier  has  been  proposed''*  ''  and  initial  theoretical  anaivses  '  *  and 

experimental  tests’''’"  have  demonstrated  power  levels  an  order  of  magnitude  greater  than  available  m 
conventional  millimeter-waver  travelling-wave-tube  amplifiers  together  with  an  instantaneous  bandwidth 
of  several  percent.  A  bandwidth  on  this  order  is  of  interest  in  a  number  of  systems  but  still  larger 
bandwidth  would  increase  the  usefulness  of  the  gyrotron  amplifier  Other  authors  have  suggested 
gyroiron-like  amplifiers  which  would  achieve  large  bandwidth,  viz.  a  gyroiwistron  with  tapered  cavities 
and  magnetic  field’'*  and  a  slow  wave  cyclotron  amplifier'"  '■  employing  a  non-relaiivisiic  bunching 
mechanism."  '■*  The  presently  proposed  configuration  is  a  modification  of  the  gyroiron  travelling  wave 
amplifiers  whose  operation  has  already  been  successfuMy  demonstrated’'  moreover,  since  it  is  a  fast 
wave  device,  it  should  be  less  sensitive  to  the  degrading  effect  of  electron  velocity  spread. 

A  scheme  in  which  the  input  signal  is  initially  injected  in  the  reverse  direction  of  the  tapered 
waveguide  was  proposed  and  analyzed  by  Lau'',  including  the  effect  of  velocity  spread'",  for  a  proof- 
of-principle  experiment.  The  experiment  was  expected  to  have  approximately  l.‘'"/i  small  signal 
bandwidth  and  the  observed  bandwidth  is  13%". 

Manuscripi  submitted  April  lb,  1981 
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An  alternative  side  wall  wave  injection  scheme  potentially  more  suitable  for  high  gain  operation  is 
discussed  in  the  present  paper. 

II.  MODEL  AND  ASSUMPTIONS 

Figure  ia  shows  the  side  view  of  a  circular  cross  section  waveguide  immersed  in  an  applied  mag¬ 
netic  field  (B).  An  annular  electron  beam  propagates  to  the  right  along  the  axisymmetric  magnetic  field 
lines.  The  electrons  have  a  substantial  part  of  its  kinetic  energy  in  the  form  of  gyrational  motion  and, 
in  contrast  to  the  conventional  travelling  wave  tubes,  the  iransversc  kinetic  energy  is  to  be  converted 
into  electromagnetic  radiation  through  the  cyclotron  maser  interaction.  Figure  lb  shows  a  cross  sec¬ 
tional  view  of  the  waveguide  and  the  electron  beam.  We  assume  (i)  that  the  total  length  (L)  of  the 
waveguide  is  much  longer  than  the  interaction  length  (AT)  defined  as  the  length  over  which  the  cyclo¬ 
tron  maser  interaction  takes  place  for  a  fixed  input  wave  frequency;  (ii)  that  the  radius  (/,,)  of  the 
waveguide  and  the  amplitude  of  the  applied  magnetic  field  (Fig.  3c)  vary  slowly  along  the  axis  so  that 
each  interaction  section  is  characterized  by  a  distinct  frequency  (Eq.  (4)1;  and  (iii)  all  the  electrons  have 
the  same  perpendicular  velocity  (Vj )  and  axial  velocity  (v.l  as  they  enter  the  waveguide,  and  their  guid¬ 
ing  centers  are  located  on  the  circle  of  radius 

The  main  element  in  the  broadbanding  scheme  is  that  different  portions  of  the  waveguide 
amplifies  different  frequencies  As  a  TE„„  wave  of  certain  frequency  (ea)  is  launched  from  the  left  into 
the  waveguide  structure  it  will  be  amplified  in  a  particular  interaction  section  of  the  waveguide  where  its 
cutoff  frequency  closely  matches  the  wave  frequency. 

All  the  gyro-TWA’s  reported  so  far  have  operated  near  the  cutoff  frequency  of  the  waveguide.  In 
the  oj-A.  diagram,  where  k.  is  the  axial  wavenumber,  this  implies  that  the  waveguide  characteristic 
curve 

01^  —  —  k^„(^  =0  ( 1 ) 
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intersects  the  beam  characteristic  curve 

to  -  A.v.  —  sl2,  =  0  <2* 

at  or  near  a  grazing  point  (big.  2),  where  A,„„  =  a,„„  is  the  /;-th  nonvanishing  root  of  ./„  ( a  i  -  ii 

tl,  =  y  =  (1  -  \  Vi  ’  -  v-'/t  ’)  '  and  s  is  the  cyclotron  harmonic  number.  1  he  advantage 

for  grazing  intersection  is  two  fold.  First,  it  corresponds  to  a  small  wave  number  U. )  and  therefc  re 

mitigates  the  efl'ect  of  beam  velocity  spread.  Secondly,  the  beam  curve  lF,q.  (2)1  will  not  intersect  the 

waveguide  curve  [Eq.  (1)1  on  the  negative  k.  axis  and  therefore  backward  mode  will  not  be 

excited.  Thus,  in  the  present  scheme,  it  is  best  to  adjust  the  applied  magnetic  field  profile  such  that 

grazing  intersection  is  maintained  throughout  the  waveguide.  Equations  (1)  and  (2)  give  the  magnetic 

field  (or  the  cyclotron  frequency  (1, )  needed  for  grazing  intersection, 

=  A-,„„  c/(sy.-/„ )  (2) 

and  the  wave  frequency  at  the  point  of  intersection 

t'' =  (4) 

where  y.  =  (1  -  v.’/c’)  '  From  Eq.  (3).  we  obtain  the  condition  for  maintaining  grazing  intersec¬ 
tion, 

B  r„  y.  =  B,t  r„ny-„.  (.') 

where,  here  and  also  in  subsequent  equations,  the  subscript  ”0"  denC'tes  values  at  the  entrance  of  the 

waveguide  (:  —  0). 

III.  CAECT'LATION  OF  PEAK  (JAIN  AND  SATURATION  BANDWIDTH 


On  the  basis  of  assumption  (ii)  above,  we  may  approximate  the  peak  gain  and  saturated 
efficiency  (tj)  in  any  interaction  section  by  the  analytical  expressions  derived  in  Ref.  19. 
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where  K„,  -  I  (I  in  I.  ./„Iai  e-.  ihe  Bessel  lunction  ol  order  ii.  =  (J  ./„(aI/(/a. 

itJ  =  \  i.  d  -  \  i.  /,  IS  the  eleeirun  I  .iinidi  r.iduis,  ;ind  r  is  a  dimensionless  eleeiron  beam  densin 
parameter  detined  as 

1-  ~  \  /,  .  (8) 
where  .V  is  the  number  ol  eleeirons  per  umi  length  and  /  -  fjic  /A-nni  "=  2.8  x  |()  em,  is  the  elassi- 

eal  electron  radius 

In  liqs.  16)  and  C'l.  y,  A,„, .  and  a,,,.,  are  independeni  ol'  the  posilion  in  ihe  waveguide,  while  Ihe 
other  parameter  y  ,  r.  .  rj'i ,,  and  ////,,  all  varv  along  the  waveguide  Thus,  to  evaluate  and  t/  as 
I'unctions  ol'  the  axial  position  in  the  waveguide  (or  we  need  to  express  these  beam  parameters  in 

terms  ol'  and  their  initial  values  at  ;  =  0  This  can  be  readily  done  using  Eq  (5)  and  the  following 
conservation  relations: 
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i'Mualions  ( 12)  through  ( 17)  allow  us  to  express  t).  and  H  in  terms  of  /„ .  while  can  in  turn 
be  expressed  in  terms  ot'to  through  I:qs.  (5)  and  (12),  and  (13).  Thus,  we  may  express  tj.  a,,,  and  H  as 
a  function  oftu  without  specifying  the  explicit  dependence  of /„  on  r.  1  igure  3  provides  two  examples 
showing  the  dependence  of  t).  c,,.  and  on  fu  over  several  octive  bands  for  the  7'L,\\  and  //:ij  modes 
interacting  with  the  beam  at  the  fundamental  of  the  electron  cyclotron  frequency.  The  electron  beam 
energy  is  70  keV  with  Vn/v.,,  =  l..s  and  all  quantities  in  Fig.  3  except  for  tj  are  normalized  to  their 
respective  values  at  e  =  0.  The  initial  values  of  i\.  are  indicated  in  the  figure  caption.  It  is  seen  from 
Fig.  3a  that  the  saturation  bandwidth  (defined  as  the  interval  of  frequency  between  points  with  half  of 
the  peak  elTiciency)  of  more  than  two  octaves  are  theoretically  possible,  especially  for  the  7/:,^  mode. 
On  the  other  hand,  the  peak  gain  decreases  monotonically  as  the  frequency  decreases  (Fig.  3b).  This  is 
expected  because  c,,  is  proportional  to  fi.  '/3  ’  \  which  decreases  as  the  beam  moves  downstream  along 
the  decreasing  magnetic  field.  Figure  3c  shows  that  the  applied  magnetic  field  is  approximaicly  propor¬ 
tional  to  the  wave  frequency.  Figure  4  provides  examples  for  the  second  cyclotron  harmonic  interac¬ 
tion  (to  =  2(1,  I.  also  exhibiting  similar  general  characteristics  as  described  above 


As  shown  in  Fiqs.  (6)  and  (7),  both  the  gain  and  efficiency  are  proportional  to  Jc  (/,.//„  )  Since 
Bessel  function  of  zero  order  |./,,(.v)l  has  the  largest  amplitude,  the  highest  gain  and  efficiency  for  the 
s-th  cyclotron  harmonic  generally  occurs  for  azimuthal  waveguide  modes  with  azimuthal  mode  number 
1)1  s.  This  characteristic  of  gy  ro-TW,<\  is  quantitatively  exhibited  in  Figs  3  and  4. 


We  note  here  that  Eqs.  (6)  and  (7),  obtained  in  Ref.  19,  are  accurate  for  ail  nonfundamental 
cyclotron  interactions  as  well  as  the  fundamental  cyclotron  interaction  with  beam  energy  >  70  keV. 
But  for  the  fundamental  cyclotron  harmonic  interaction  with  beam  energy  below  70  keV,  they  lead  to 
overestimates.  The  reason  is  that  in  the  latter  case,  the  free  energy  depletion  saturation,  which  was 
neglected  in  F.qs.  ((>)  and  (7),  becomes  important. 
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I'p  111  [Ills  piiiiu.  IN  nIiII  .ill  uriNpcciticd  liinctKin  nl  r  I'nacL-il  ii>  sitou  liuw  /  L  >  t.iii  hi.' 

(.li.'iermi!ici.l  under  die  requiieniem  di.ii  die  ini.tl  y.iin  (/i>  Ii.in  ;i  unitoim  \alue  Im  .il!  I retiueiK leN  \N  c 
nine  dial  e,  m  lap  Ud  in  die  peak  riain  per  unii  leiiinli  at  the  eeniei  nl  the  iiiierai. lidti  leeimi  I  he 
aelual  etiin  (tor  ti  lixed  rrei.iuene,\  i  tapers  otl  on  both  siduN.  Assunnne  t!ie  inieiaeiion  leuion  lor  a  lived 
Iregueiiet  extends  Iront  ;i  to  ri.  the  loial  earn  is  then  iiiven  in  terms  ol  the  lotal  u.iin  per  unit  lenyih 
e  ( r.  lu  )  h> 

r  /  (i-i  I  I  j'  e  I Ill  *  t/-'.  list 

where  e|  and  j'  are  determined  b>  e(ei.<ol  =  .eir'.io)  =  (),  and  .eir.iwl  nia>  be  evaluated  Irom  the 
dispersion  relation  fhq.  (8)  of'  Ref.  I9t  Thus,  in  principle,  given  a  desired  total  gain,  one  may  deter¬ 
mine  the  waveguide  profile,  /„(;),  Irom  Tq.  (I8l,  .As  outlined  above,  the  distributed  nature  ot  the 
amplilieation  proecsscs  and  the  lle\ibilii>  to  shape  the  waveguide  profile  allow  one  to  design  an 
amplifier  with  uniform  total  small  signtil  gain  across  the  entire  trequenev  bant!.  1  he  stilur.iied 
biindwidth.  however,  h.is  an  intrinsic  limit  as  shown  in  ilie  preceding  elViciencv  calculations 

It  is  worth  noting  that  although  a  long  waveguide  is  required  for  wideband  operation,  the  interac¬ 
tion  length  for  each  frequency  remains  relatively  short.  Hence  beam  velocity  spread,  while  reducing 
the  gam  and  efficiency,  does  not  pose  any  more  difficulty  in  wideband  operations  that  it  would  in  nar¬ 
row  band  operations.  When  this  kind  of  broadbanding  method  is  emplo.ved  in  gyrotwistrons  '  in  which 
electron  bunching  and  energy  extraction  take  place  in  two  separate  sections,  wider  bandwidth  necessi¬ 
tates  greater  separation  between  the  two  sections;  velocity  spread  spoils  the  coherence  as  the  separation 
increases  and  consequently  limits  the  achievable  bandwidth  In  the  optimized  example  of  Ref  2d,  for 
example,  the  calculated  bandwidth  is  7'ki  for  a  beam  with  lO"/'.  velocity  spread, 

IV.  A  PROPOSI  I)  DISI  RIIU  I  Kl)  INPl  I  C Ol  Pl.KR 

In  order  to  lake  full  advantage  of  the  verv  brotidband  ntiture  of  the  disiribuievl  gvrotron  amplilicr, 
one  will  need  to  develi'ii  correspondinglv  broailbtind  input  couplers  in  a  comptilihle  geometrv  One  pos- 
siblitv.  the  dislrihuteil  input  coupler,  is  ilescribeil  below 


b 


\KI  Ml  Ml  )K  \NI)I  M  Kl  l'(  )l<  I  44'' 


1  Ik'  disiribuiod  input  Louplcr  is.  in  ellci-i,  a  micrnwave  mulliplcser  in  v\hii.h  signal  bamls  inr 
i. h.inncls)  .irc  soparaicd  out  ol  ibc  cuninidn  input  line  and  injected  at  the  appropriate  position  .dong  the 
i.ipered  inieraction  circuit  1  m  this  application.  \se  propose  a  muliiplexer-distribuied  coupici  urcuii 
that  consists  of  a  multiple  of  channel  lilters  connected  between  the  input  rectangular  waveguide  o|ierai- 
ing  in  the  lund.iment.il  //.Hi  mode  and  the  taper  interaction  waveguide.  The  channel  lilters  consist  id 
coaxial  cavities  excited  in  a  mode  which  will  couple  through  apertures  in  the  inner  surf.ice  to  excite  ihe 
desired  mode  in  the  tapered  waveguide,  l  or  efticient  tran.smission  through  the  cavitv  the  input  and 
output  coupling  is  tight  such  that  the  loaded  Q  is  much  less  than  the  unloaded  0  '*'  The  loaded  0  will 
depend  on  the  channel  width  desired  (order  of  I  to  2%).  The  circuit  of  I'igure  .x  consists  of  a  multiple 
of  single  cavitv  filters  connected  by  apertures  to  the  input  waveguide."*'’"  The  cavities  are  tuned  to 
separate  center  frec)uencies  and  are  located  on  odd  number  of  quarter  wavelengths  (i.e..  \/4.  .1\/4.  etc 
of  the  respective  cavitv  )  from  a  short.  In  this  case  a  resonant  cavity  acts  as  a  shunt  impedance  to  the 
input  waveguide  and  the  non-resonant  cavities  appear  as  open  circuits  and  do  not  couple"*  l  or  use  as 
an  input  coupler  the  bands  /i./v  etc.  are  injected  into  the  tapered  waveguide  at  the  proper  points  for 
.implificaiion. 

With  guard  bands  between  the  channels  as  normally  would  exist  for  this  type  of  multiplexer,  only 
one  cav  ity  is  coupled  at  a  time  and  the  design  is  simple.  However,  since  what  is  required  is  a  multi¬ 
plexer  with  contiguous  pass  bands  (i  e..  no  guard  bands)  which  typically  cross  over  at  the  dlf  points  of 
the  lilters.’''  then  two  cavities  will  strongly  couple  near  the  cross  over  frequencies.  In  addition,  the  out¬ 
put  of  each  cavity  is  recombined  into  the  common  tapered  interaction  waveguide  circuit.  I  hc  require¬ 
ments  of  contiguous  pass  bands,  recombination  in  the  tapered  circuit,  low  X'.SW'R  across  the  entire 
band,  .ind  good  transmission  eHiciency  will  necessitate  careful  design,  and  may  require  additional 
matching  elements,  decoupling  cavities,  etc. 

I  he  cavities  can  be  devised  several  ways.  The  suggested  cavity  for  a  /7-.;i  amplifier  is  a  //  .,, 
coaxial  cavity  as  shown  in  figure  6a,  l  our  azimuthal  current  maximums  exist  on  Ihe  inner  wall 
fherefore.  four  axial  slots  apertures  in  the  inner  wall  would  couple  strongly  to  /7. on  the  inside 
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\\  illi  this  niclhch,  iiiin.lt.'  sclosli\il\  is  einul  \s  niitthl  lx-  MisiX'MOt.1.  .iii.i  i  '  the  lnuci  ihihIcs  l.hi  lx 
o\Mtt.'t.l  h\  .!  iipci.ilinu  in  llx-  nMTcspi'nilmu  iilmlc.  i  c  .  .1  //  will  souplc  If  ,1  II 

IT.,:  Mill  Simple  in  .1  IT  ,  ele  1  he  pioixT  iiiiniber  ami  InialKul  ol  ihe  avial  sluts  must  be  empln>eil. 
ht>Me'>er.  .1  11...  Mill  euuple  tu  II.,.  and  alsu  to  II  .  iT  diili  2  (ippositii;  eimiiling  sluts  are  useil.  lur 
example  In  the  ^ase  uf  the  I imdameni.il  mude.  II  :  ■  sinitle  slut  euupling  m.i>  sulllee  ami  .1  simpler 
eaMt\  isueh  as  reetaneul.ir •  suuKl  he  usetl 

Resunant  Maseleneths  ul  .1  lull  tu.ixi.il  t..i\n\  .ire  ujxeii  b\ 


Mliore  ,iml  /  eurrespund  iti  the  TT,..„.  mudcs.  /  is  the  lenirth.  and  a  is  the  uuter  diameter  I’luts  ul 

the  rtiui  \. lines  a I'ur  .1  number  ul'  low  order  niudes  as  a  r'anetiun  ul'  the  ratiu  ul  the  Mall  radii  base 

been  gixeiT*'  as  well  ,is  lurmulas  for  the  eaxit.i  (.>'s. 

Althuuith  the  loMer  order  euaxial  eaxitx  modes  are  t'airls  uide-spaeed.  Mide  b.mdMidtli  .implilier 
designs  Mill  eruss  spurious  resonances,  (  impimg  apertures  Mhieh  niimmi/e  coupling  to  the  spiiriims 
modes,  loading  of  the  spurious  modes,  tins,  etc  are  teehiiRiues  mIiicIi  can  be  used  ti'  minimi/e  spurious 
mode  interl'erenee,  \Ve  suggest  th.it.  instead  of  a  sitigle  euaxial  eaxitx  being  the  liiter  element  hetMeen 
the  input  ami  interaetion  eireuit.  sexeral  coupled  eaxities  in  tandem  be  used  in  xxliieh  simple  isueh  as 
reetanguliiri  eaxities  precede  ami  I’ulloxx  the  coaxial  eaxitx  such  ;ts  illustrated  in  I  igure  bh.  I’he  added 
eaxities  xximkl  haxe  spurious  modes  (lutside  the  amplilier  band  ol'  interest  and  theTel'ore  isolate  the 
coaxial  eaxitx  from  the  input  ami  interaetion  xxaxeguides.  In  addition,  xxith  appropriate  coupling  and 
stagger  tuning  ol'  the  eaxities.  lilters  can  be  m.ide  xxhieh  haxe  much  better  passband  response,  th.in  the 
simple  single  eaxitx  liiter. 

V.  SI  MMARV 

■\  concept  lor  modilieation  ol'  the  gxrotron  trtixclling-xxaxe-amplilier  Mhieh  promises  to  result  m 
extremelx  broarlband  operation  has  been  presented.  Ihe  modilieation  consists  ol  increasing  the  drill 
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Uihc  radius  as  a  lunuiiun  ut  axial  pnsuion  vxhilc  at  ihe  same  lime  decreasing  Ihe  strength  nl  the  applied 
magnetie  lleki  sn  as  in  keep  r\a\e  eulnll  treituenev  nearl>  egual  tn  the  elecirnn  erelniron  trec|iienei 
thmughdui  the  rsaregiiKle  Ihe  total  linear  gam  ean  he  made  essentialh  independent  ol  tregueni.>  bv 
(.housing  oi'iimi/'ed  axial  eoniouis  ol  r\all  railius  and  magnetie  lield  I  lie  saturated  ellieiene>  has  been 
ealeulaied  lor  .1  numher  of  modes  unh  mteraetion  at  both  the  fundamental  ol  the  erelotron  frei)uene> 
■ind  at  luiee  the  ereloiron  frequener,  l\pieall>  oetavc-like  saturated  band^idlhs  appear  to  be  possible 
uiih  a  saturated  b.ind^^idlh  greater  than  tr\o  oelaees  calculated  for  both  the  Tl.,,\  and  //.i  modes  A 
concept  has  also  been  presented  lot  a  distributed  input  coupler  involving  multi-cav itv  coupling  bet'Acen 
■in  input  rectangular  waveguide  and  the  contoured  drift  tube;  this  type  of  input  coupler  promises  to  be 
comiiatible  m  bandwidth  and  in  geometrv  with  the  broadband  distributed  gyrolron  travelling-wave 
■implitier  A  piaciical  working  motlel  of  the  distributed  input  coupler  remains  to  be  developed 

\(  K\()\M  K1)(.MKMS 
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